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Abstract

The electrochemical and thermal properties of AJR@ated LiCoQ were compared with those of the8;-coated cathode. Even though
cycling stability of the A}Oz-coated cathode was apparently similar to that of the Ale@ated sample at 4.6V cycling, increasing the
charge-cutoff voltage to 4.8V led to the rapid capacity decay, exhibitid§% larger capacity-fading than the Alp@oated cathode. The
irreversible capacity of the ADz-coated cathode~(34 mAh g*) was also larger than that of AIR@oated cathode~24 mAhg?) at a
charge-cutoff voltage of 4.8 V. This was attributed to the increase in the amount of Co dissolution into the electrolyte at higher voltage.
Differential scanning calorimetry results showed that the overall exothermic-heat release of@Ghecddted cathode was similar to that
of the bare cell, but the onset temperature of oxygen evolution from the cathode was incread®@16 (up from~170°C in the bare
cell). On the other hand, AlPf&coated LiCoQ showed a much improved onset temperature of the oxygen evolutio?3i°C, and a much
lower amount of exothermic-heat release, compared to th@Atoated sample. These results were correlated with the 12V overcharge
experiments: the Li-ion cell containing AIR@oated LiCoQ did not show a thermal runaway behavior in contrast to that containing bare,
or Al,Os-coated cathode.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction portion of the cathode accelerated the heat-accumulation rate,
and an internal short circuit resulted in a cell explosion with
The most critical factors for evaluating the performance the external temperature exceeding§00°C [4].
of Li-ion cells are the rate capability, the cycle life, and the The most detrimental factor causing such problems is the
thermal stability, which are mostly affected by the cathode violent exothermic reaction of the delithiated cathode ma-
materials. Among them, the thermal stability of the cell be- terials with the flammable electrolytes at elevated tempera-
comes more important factor as the cell capacity increases.tures. Its effect has been widely evaluated using differential
The cells without protective devices shows the thermal run- scanning calorimetry (DSC) and accelerating rate calorime-
away inducing the over-current, over-charge, and abrupt tem-try as a function of temperatuf—9]. Several authors have
perature increase during the 12V overcharging test recom-reported that additives in the electrolytes can prevent thermal
mended by the safety guidelings2]. Many safety accidents  runaway][10-14] However, they reported that the additives,
of Li-ion cells due to the malfunction of the devices in mobile such as phosphorus compounds or aromatic compounds with
electronics have been repor{&. The increase in the weight  two methyl groups, could reduce the flammable nature of the
electrolytesy-Butyrolactone was usedto reduce the direct re-
mpondmg author. Tel.: +82 2 880 8319; fax: +82 2 883 8197. action _of the cathode with the electrolyte at the char_ged state,
E-mail addressegpcho@kumoh.ac.kr (J. Cho), and this solvent has been reported to decompose into the or-
byungwoo@snu.ac.kr (B. Park). ganic products, which encapsulate the cathode and block any
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direct reaction with the electrolyt¢$0]. As a consequence, cells was 1M LiPk with ethylene carbonate/diethylene
Li-ion cells containing this solvent did not explode during a carbonate/ethyl-methyl carbonate (EC/DEC/EMC) (30:
nail penetration test at 4.35 V. However, these additives dam-30:40vol.%). The coin-type half cells were initially cycled
aged the electrochemical properties of the cathode and anodat a 0.1 C rate for two cycles, and continued to increase to
materials. 0.2 and 0.5 C rates for each cycle, followed by a 1C rate
Recently, Cho et al. used a fundamental approach to min-afterwards, with 4.6 and 4.8 V charge-cutoffs. The discharge
imize the thermal instability of the cathode materials by an voltage was set to 3V. Coin-type half cells containing Li
AIPO4 nanopatrticle coatingp]. Li-ion cells containing the  metal anode were used for cycling tests with 4.6 and 4.8V
coated cathodes showed no thermal runaway with a maxi- cutoffs. Cycling tests of the Li-ion cells between 3 and 4.5V
mum cell external temperaturee60°Cupto 12V charging  was performed with synthetic graphite. Rate capability tests
in contrast to that containing the bare cathode showing the of the coated cathodes was carried out using 1600 mAh
external temperature of over500°C. This study furtherre-  Li-ion cell between 3 and 4.2V with synthetic graphite
ported that the thermal runaway occurred immediately after anode at different C rates at room temperature. The same
the internal shortat 12 V. This method is quite useful, becausedimensional weight ratio of cathode to anode (1:1.06) was
it provides information on the thermal behavior of the cathode used for all the test cells. To determine the apparent Li
material up to 12 V. Similar approaches were reported to im- diffusivities as a function of the cell potential, a galvanostatic
prove the electrochemical properties of the cathode materialsintermittent titration technique (GITT) was used for the
by a sol-gel coating of A0z and Zr& [15-17] However, uncoated and AD3- and AIPQ-coated LiCoQ@ powders.
its overcharge behavior was not yet reported despite its supe-The experimental methods for the DSC and 12 V overcharge
rior rate capability and cycle-life performance, compared to tests were described elsewh§t8].
the bare cathodes.
In this paper, differences in the AD3- and AIPQy-coated
LiCoOs are investigated for the electrochemical and thermal 3. Results and discussion
behavior.
A comparison of the transmission electron microscopy
(TEM) images between the A03- and AlIPQ-coated
2. Experimental LiCoO, particles is shown irFig. 1 In both cases, the Al
or P elements are distributed over the LiGogirfaces. The
LiCoO, was prepared using GO, (with the average  possible formation of a solid solution from a reaction be-
particle size of 2-3m) and finely ground LiOHH,0 tween the coating materials and Li (or even Co) during the
powders as starting materials. They were mixed at a mo- heat treatment is not ruled out. X-ray photoelectron spec-
lar ratio of 1:1.05 and homogenized in an automatic troscopy (XPS) was used to compare the bonding nature of
mixer for 2h. The mixture was heat-treated at 600 and the AlbOs- and AIPQ,-coated cathodes, as shownrFigy. 2
900°C in an oxygen atmosphere for 6 and 24 h, respec- The binding energies of the Al 2p in the bulk &3 and
tively. The as-prepared LiCoOpowders had ax=1.00 AIPO4 were reported to be observed-af4.7 and 74.5¢eV,
in LixCoQ,. The LICoQ electrode powder with an av- respectively{19,20] A peak in the A}Os-coated LiCoQ at
erage particle of size-10pm, which was sampled from  ~71eV agrees with the metallic nature of Al. The variation in

the batches sieving through a 500-mesh screenu2f the binding energies of Al in the coated cathodes may be re-
was used for the electrochemical tests. To obtain the lated to a Li (or even Co) reaction with the coating layer, and
sol—gel coating of AlO3 on LiCoGQ,, Al(IV)ethylhexano- future study aimed at understanding the detailed microstruc-

isopropoxide (Al(OO@H15)2(0OC3H7)2, 59) was dissolved  tures of the nanoscale coating layer is currently underway.
in isopropanol, followed by continuous stirring for 20 h at Fig. 3compares the voltage profile and cycle-life perfor-
21°C. After drying the LiCoQ powders coated with Al mance of bare, and AD3- and AIPQ-coated cathodes be-
alkoxide gel at 130C, the batch was fired at 70C for 5 h. tween 4.6 and 3 V. The initial capacity and cycle-life perfor-
Aluminum nitrate (AI(NG)3-9H,0, 3g) and diammonium  mance of the AlOs-coated cathode are similar to those in
phosphate ((NH)2HPO4, 1g) were dissolved in distiled the AIPQy-coated samples. However, increasing the charge
water until a light white suspension solution (with AIPO  voltage from 4.6 to 4.8V leads to a drastic difference be-
nanoparticles) was observed. The LiCoflowders (100g  tween these two cathodes, as showikig. 4. Even though
with the average particle size 6f10m) were then slowly ~ the charge capacities of both cathodes are similar to each
added to the coating solution, and mixed until the final vis- other (244 and 247 mAhd for Al,Os- and AIPQ-coated
cosity of the slurry reached 100 P. Subsequently, the slurry  LiCoO», respectively), the discharge capacity is obviously
was poured into a tray, dried in an oven for 6 h at 180and different: Al,O3- and AIPQ-coated LiCoQ show 220 and

annealed at 70€C for 5h in a furnace. 233mAh g, respectively. Cobalt dissolution into the solu-
The cell standard capacity was set at 1600 mAh [cell size: tion is coupled with the release of lithium and oxygen, result-
3.2mmx 85mmx 53mm  (thicknesx lengthx width)]. ing in structural degradatidi21]. The Co dissolution rate in

The electrolyte for the coin-type half cells and the Li-ion the Al,O3-coated cathodes was four times higher than that in
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Fig. 2. XPS spectra of the Al 2p binding energies from the@l (dashed
line) and AIPQ (solid line) nanoscale-coating layer on LiCeO
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the AIPOy-coated cathodes after the initial 0.1 C rate cycling -
(between 4.8 and 3V), and the concentrations wet&0 g 20 e AIPO -coated LiCoO. |
and 40 ppm for AJOs- and AIPQ-coated LiCoQ, respec- ‘é 200'_ ! +AIQO;c0ated LiCoO; |
tively. This affected the cycling stability of the coated cathode t; . §—1C —=— Bare LiCoO,
[22]. The AIP(y-coated LiCoQ exhibits superior capacity § 180F |
retention after 46 cycles (ata 1 C rate) showir8% capac- 8 r
ity retention, while that of the AlOz-coated cathode shows g 601
~68%. Thisis due to the structural degradation ofthe LigoO @ 140'_
from Co dissolution, which was-450 and 160 ppm for the ;9’ I
Al,0Os3- and AIPQ-coated cathodes, respectively. These re- 120}
sults confirm that the AIPg@coating layer is chemically more I -
stable at the 4.8 V electrochemical window compared to the O =0 15 20 30 s 20 25 =0
Al 03 coating. (b) Cycle Number

This is supported by the cycle-life performance in the Li-
ion cells (with carbon as an anode) containing@4- and Fig. 3. (a) Voltage profiles and (b) capacity retention of bare, an®@Al
AlIPOg4-coated LiCoQ cathodes. As shown iRig. 5with a and AIPQ-coated LiCoQ cathodes in the coin-type half cells (Li as an
charge-cutoff voltage of 4.5V at the 1 C rate, the capacity- gqc_;de) with a charge voltage of 4.6V (precycled at rates of 0.1 C for the
fading rate of the AlO3-coated LiCoQ is similar to that of initial two cycles, and 0.2 and 0.5 C each for the next two cycles).
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Fig. 4. (a) Voltage profiles and (b) capacity retention of bare, an®Al
and AIPQy-coated LiCoQ cathodes in the coin-type half cells with a charge
voltage of 4.8V (precycled at the rates of 0.1 C for the initial two cycles,
and 0.2 and 0.5 C each for the next two cycles).
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Fig. 6. Plots of: (a) rate capabilities and (b) normalized capacity of bare, and
Al>03- and AIPQ;-coated LiCoQ cathodes in the Li-ion cells (with carbon
anode) with a charge-cutoff voltage of 4.2 V.

the AIPQy-coated LiCoQ for the initial ~40 cycles. How-
ever, its capacity rapidly decreasest®7% after 160 cycles
(between 4.5 and 2.75 V), while the capacity-fading rate from
the AIP(gy-coated cathode is much slower, showing5%
after 160 cycles. The amount of Co dissolution after 40 cycles
in the cell containing the AlDs-coated cathode is similar to
that in the AIPQ-coated cathode, showing70 ppm. How-
ever, the amount of Co dissolution from the,®g-coated
cathode increased to3200 ppm after 160 cycles. (The Co
dissolutionin AIPQ-coated cathode was300 ppm.) The re-
sult suggests that the #D3-coating layer is relatively stable
during the initial cycles, but chemically less stable either for
higher voltage or for a long-time exposure to the electrolyte.
Actually, the dissolved amount of Al into the electrolyte in
the Al,Oz-coated cathode was980 ppm after 160 cycles,
compared to the-100 ppm dissolution of Al in the AIP®
coated one.

Fig. 6(a) shows the rate capability of bare, ancd®@g-
and AIPQy-coated LiCoQ in Li-ion cells at the rates of 0.2,
0.5, 1, and 2 C between 4.2 and 3 V. Capacity-retention rate

cathodesinthe Li-ion cells (with a carbon anode) with acharge-cutoffvoltage of the AIPQy-coated LiCoQ is enhanced, compared to the

of 4.5V.

Al,0O3-coated LiCoQ@ with an increasing current rate: the
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and AIPQy-coated LiCoQ after four precycles.

area indicates the amount of heat generation (related to oxy-
gen generation) from the decomposed cathode after areaction
with the electrolyte. The onset temperature of oxygen evolu-
tion from the cathode in the bare electrode-i$70°C, but
improved to~190°C in the AbO3-coated cathode. However,
the AIP(gy-coated electrode shows the highest onset temper-
ature among the other electrodes2@0°C), indicating that

the AIPQy-coating layer effectively retards the initiation of
the oxygen generation from the cathode, with a much lower
amount of exothermic-heat release.

In order to investigate the 12V overcharge behavior of
the AlbO3- and AIPQ-coated LiCoQ, the Li-ion cells con-
taining these cathodes are overcharged to 12V, and held at
that voltage until the applied current decreases 89 mA.
Previously, it was suggested that the short circuit at 12V
resulted from the direct contact between the anode and cath-
ode due to the separator shrinkage, accompanying a rapid
temperature upsurge, which induces a thermal runaway ac-
cording to the stability of the cathodB]. Fig. 9 compares
the 12V overcharge behaviors of the Li-ion cells containing

former showing 8% larger capacity retention than the latter the bare, and AlOs- and AIPQ;-coated LiCoQ cathodes.

ata 2 C rateFig. 6(b) shows the voltage profiles of bare, and

Al>03-and AIPQ;-coated LiCoQ at0.2, 0.5, 1, and 2 Crates

between 4.2 and 3V as a function of the normalized capacity. " B . ' ' s
Since other factors, such as the carbon anode and electrolytes 2| : 199 i3
are fixed in the Li-ion cells, the change in the voltage profile E— 400 @
should be affected by the coating layer. The enhanced voltage g =
profiles of the AIPQ-coated cathode compared to,8k- S o3
coated one at different C rates are believed to be due to the 3 1200 §
higher apparent Li diffusivity in the LiCo@powder by the = =
AIPO4 coating Fig. 7shows the higher apparent Li diffusivity =S &
in the AIPQy-coated cathode over the &;-coated cathode (@) 0
(after four precycles). It was reported that the apparent Li j S
diffusivity of the coated cathode at the first cycle was smaller __ e
than the bare one, and got higher upon further cydi2gj. % 1400 £
The DSC scans of the bare, &)3-, and AIPQ-coated g 8 100 g
LiCoO; electrodes are shown ig. 8 The exothermic peak g 6 g
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Fig. 9. (a—c) Voltage (solid lines) and temperature (dotted lines) profiles
of the cells with bare, and AD3- and AIPQy-coated LiCoQ cathode as a
function of time, showing the breakdown of the cells by one full short circuit.
All the cells were first charged to 4.2V, and overcharged to 12 V at a rate of
1C, then held at that voltage for50 min.
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14 — —— 600 stability strongly depended on the nature of the coating ma-
1o | ALO,-coated LiCoO, terials. The AIPQ-coated cathode exhibited a superior cycle-
199 life performance at a 4.8 V charge-cutoff, an improved onset
< 10t : | e temperature for oxygen evolution, and no fire and explosion
2 ol ! . from the 12V overcharge safety tests. This is probably be-
%’ — L {300 £ cause the AlOs-coating layer diminishes and cannot prevent
> 6f ¢ g Co dissolution into the electrolyte during overcharging or at
L il \ 4200 @ an elevated temperature, which is in contrast to the APO
U . - 3 coated cathode.
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